Successful macrophage colonization by Coxiella burnetii, the cause of human Q fever, requires pathogen-directed biogenesis of a large, growth-permissive parasitophorous vacuole (PV) with phagolysosomal characteristics. The vesicular trafficking pathways co-opted by C. burnetii for PV development are poorly defined; however, it is predicted that effector proteins delivered to the cytosol by a defective in organelle trafficking/intracellular multiplication (Dot/ Icm) type 4B secretion system are required for membrane recruitment. Here, we describe involvement of clathrin-mediated vesicular trafficking in PV generation and the engagement of this pathway by the C. burnetii type 4B secretion system substrate Coxiella vacuolar protein A (CvpA). CvpA contains multiple dileucine [DERQ]XXXL [LI] and tyrosine (YXXΦ)-based endocytic sorting motifs like those recognized by the clathrin adaptor protein (AP) complexes AP1, AP2, and AP3. A C. burnetii ΔcvpA mutant exhibited significant defects in replication and PV development, confirming the importance of CvpA in infection. Ectopically expressed mCherry-CvpA localized to tubular and vesicular domains of pericentrosomal recycling endosomes positive for Rab11 and transferrin receptor, and CvpA membrane interactions were lost upon mutation of endocytic sorting motifs. Consistent with CvpA engagement of the endocytic recycling system, ectopic expression reduced uptake of transferrin. In pull-down assays, peptides containing CvpA-sorting motifs and full-length CvpA interacted with AP2 subunits and clathrin heavy chain. Furthermore, depletion of AP2 or clathrin by siRNA treatment significantly inhibited C. burnetii replication. Thus, our results reveal the importance of clathrincoated vesicle trafficking in C. burnetii infection and define a role for CvpA in subverting these transport mechanisms.
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type IV secretion | vesicular fusion T he Gram-negative bacterium Coxiella burnetii is the causative agent of the zoonosis Q fever, a disease that typically manifests in humans as an acute influenza-like illness. Transmission of the pathogen to humans is linked to inhalation of organisms shed into the environment in large numbers by animal reservoirs. C. burnetii initially targets aveolar macrophages and can spread from the lung to colonize mononuclear phagocytes of other tissues. Aerosol transmission, high infectivity, environmental stability, and the debilitating nature of Q fever collectively account for designation of C. burnetii as a category B biothreat (1, 2) .
Intracellular bacteria that occupy host-derived vacuoles actively modify the compartment to avoid host defenses and generate a growth-permissive intracellular niche (3) . Examples include Legionella pneumophila, a close relative of C. burnetii, that escapes default endocytic trafficking to reside within a vacuole with characteristics of the endoplasmic reticulum (ER) (4) . Like other intracellular bacteria, C. burnetii actively modifies its intracellular niche, or parasitophorous vacuole (PV). Bacterial protein synthesis is required for homotypic and heterotypic fusion of the PV with cellular vesicles to result in a replication compartment that can occupy nearly the entire host-cell cytoplasm (5) (6) (7) (8) . However, the C. burnetii PV is unique among bacteria-occupied vacuoles by resembling, in structure and function, a large phagolysosome (2) . PV maturation in macrophages culminates in acquisition of the endolysosomal proteins Rab7, lysosomal-associated membrane protein 1 (LAMP1), CD63, active cathepsins, and a pH of ∼4.8 (9, 10) . Indeed, C. burnetii requires the acidic pH of the PV for metabolic activation and replication (11, 12) and resists degradative conditions that quickly destroy Escherichia coli (10) .
Bacterial pathogens commonly deploy specialized secretion systems to deliver effector proteins directly to the host-cell cytosol that modulate host factors required for pathogen vacuole formation and other infection events (13) . C. burnetii encodes a Dot/Icm type 4B secretion system (T4BSS) homologous to the T4BSS of L. pneumophila (14) . Recent advances in C. burnetii host-cell-free culture (12) and genetic manipulation (15) have enabled confirmation that type 4B secretion is essential for productive infection. Himar1 transposon mutagenesis revealed that icmL and icmD are required for translocation of effectors and colonization of host cells (16, 17) . More recently, targeted gene deletion demonstrated the same phenotypes for C. burnetii strains missing dotA or dotB (15).
To date, over 80 C. burnetii genes that encode T4BSS substrates have been identified (17) (18) (19) (20) (21) (22) (23) . These substrates have largely been identified using L. pneumophila as a surrogate host and adenylate cyclase or β-lactamase-based translocation assays. Among the large cohort of C. burnetii effectors, only three have known functions, all associated with anti-apoptotic activity. The ankyrin repeat-containing protein AnkG inhibits apoptosis by binding the proapoptotic protein p32 (gClqR) (20) . C. burnetii anti-apoptotic effector B (CaeB) blocks apoptotic signals emanating
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The vesicular trafficking pathways required for generation of the phagolysosome-like vacuole occupied by Coxiella burnetii are poorly defined, and no pathogen effectors of vesicular trafficking are known. Here, we reveal an important role for clathrin-mediated vesicular trafficking in Coxiella vacuole formation and identify a type 4B secretion system effector protein [Coxiella vacuolar protein A (CvpA)] that engages this pathway. C. burnetii CvpA traffics through the endocytic recycling compartment, and endocytic sorting motifs within CvpA bind the clathrin adaptor complex AP2. Mutation of cvpA, or depletion of AP2 or clathrin, significantly restricts Coxiella replication. Thus, our results reveal a effector-clathrin interaction that benefits pathogen replication.
from the mitochondria whereas CaeA inhibits apoptosis by an unknown mechanism (24) .
The functional redundancy of effectors that inhibit apoptosis strongly suggests that maintenance of host-cell viability is critical for C. burnetii to complete its lengthy infectious cycle (6) . However, C. burnetii modulation of PV fusogenicity is also considered essential for successful infection. Cell culture infection models have revealed several host vesicular pathways involved in PV biogenesis (5, 7, 25) . Disruption of Rab GTPases that regulate endocytic (Rab5 and Rab7), secretory (Rab1), and autophagic (Rab24) vesicular trafficking events produce defects in intracellular replication (5, 8, 26, 27) , implying that C. burnetii obtains lipids and proteins for PV biogenesis, as well as nutrients for growth, from heterotypic fusion with multiple vesicular compartments. PV fusogenicity is at least partially a consequence of recruitment of soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs). The t-SNARE syntaxin-8 and vesicle-associated membrane protein 7 (VAMP7) localize to the PV membrane (5, 28) . Depletion of VAMP7 by siRNA decreases PV size, and expression of a truncated form inhibits homotypic and heterotypic fusion events (5) . In a genome-wide siRNA screen, McDonough et al. (25) reported that knockdown of syntaxin-17 also inhibits PV fusion. Thus, C. burnetii relies upon multiple SNAREs to promote favorable fusion events. McDonough and coauthors (25) also found a role for retromer-dependent retrieval of receptors from the endolysosomal system based on defects in PV expansion in response to knockdown of retromer subunits (VPS29 and VPS35) or associated sorting nexins (SNX2, SNX3, SNX5, and SNX6).
The complex vesicular interactions that provide membrane for PV expansion are likely regulated by the activities of C. burnetii T4BSS effector proteins. A common trait among secreted bacterial effectors is the presence of eukaryotic-like motifs/domains that functionally mimic the activity of host proteins for the benefit of the pathogen (4, 13) . A search of the C. burnetii genome revealed a gene encoding a predicted protein (CBU0665) with characteristics of a Dot/Icm T4BSS substrate harboring a eukaryotic-like protein-protein interaction domain and multiple endocytic sorting motifs similar to those bound by the heterotetrameric clathrin adaptor protein (AP) complexes AP1, AP2, and AP3. Binding of AP complexes to sorting motifs within the cytoplasmic tails of transmembrane proteins regulates their packaging into clathrin-coated vesicles (CCVs) (29) (30) (31) . AP1 and AP3 operate as cargo adaptors for the trans-Golgi network (TGN)-to-endosome transport, and AP2 mediates plasma membraneto-endosome transport (29) . Given that proteins required for lysosomal biogenesis are delivered by CCVs (32, 33) , the endocytic sorting motifs within CBU0665 suggest that it might target clathrin-mediated vesicular trafficking.
Here, we demonstrate that clathrin-mediated transport promotes C. burnetii infection and that CBU0665 is a T4BSS effector protein that engages this pathway. Furthermore, using methods for targeted gene inactivation, we establish that CBU0665 function is required for generation of the vacuolar niche of C. burnetii and for robust growth of the pathogen in human macrophages. (Fig. 1A) (29, 31) . Second, the C terminus of CvpA contains a distribution of charged and hydrophobic amino acids reminiscent of a characterized Dot/Icm T4B secretion signal (19, 22, 35) (Fig. 1B) . Third, cvpA contains a previously described upstream PmrA regulatory element (18, 36) .
T4BSS-dependent delivery of CvpA to the host-cell cytosol was examined using the adenylate cyclase (CyaA) translocation assay (16) . Lysates from THP-1 macrophages infected with C. burnetii expressing CyaA-CvpA contained ≥50-fold more cAMP than cells infected with bacteria expressing CyaA alone ( Fig. 2A) . No increase in cAMP concentration was detected in cells infected with a C. burnetii dotA mutant expressing CyaA-CvpA, confirming T4BSS-dependent translocation of CvpA into the hostcell cytosol.
CvpA Is Required for Replication of C. burnetii in Human Macrophages.
To examine the importance of CvpA for productive infection of host cells, a ΔcvpA mutant was generated and growth was assessed in THP-1 human macrophages (15, 16) . Growth of wild-type C. burnetii and the ΔcvpA mutant was indistinguishable in the axenic medium, ACCM-2 (Fig. 2B) . However, C. burnetii ΔcvpA replication was significantly reduced in THP-1 cells at 5 d post infection, as shown by a 14-fold increase in genomic equivalents (GE), relative to a 114-fold increase for wild-type C. burnetii (Fig. 2B ). Impaired growth of C. burnetii ΔcvpA in THP-1 cells correlated with generation of small, tight-fitting LAMP1-positive vacuoles in Vero cells ( Fig. 2 C and D) . Complementation of C. burnetii ΔcvpA by Tn7::cvpA rescued both intracellular replication and PV biogenesis, confirming that the altered phenotypes were due to the absence of CvpA (Fig. 2 B-D) . These data indicate that CvpA is a Dot/Icm T4BSS effector critical for intracellular growth of C. burnetii.
CvpA Traffics Within the Endocytic Recycling Compartment and
Localizes to the PV Membrane. The presence of predicted endocytic sorting motifs in CvpA, and the severe growth defect associated with cvpA deletion, suggest that the protein engages endocytic vesicles required for PV maturation. CvpA was fused to mCherry and ectopically expressed in HeLa cells, and then trafficking dynamics and colocalization with cellular proteins was examined (Table 1) . When live cells were viewed by fluorescence microscopy, mCherry-CvpA labeled the plasma membrane, trafficked dynamically through peripheral tubular vesicles, and concentrated at a cluster of pleomorphic tubules and vesicles in the pericentrosomal region of the cell (Movie S1 and SI Appendix, Fig. S1 ). In fixed cells, mCherry-CvpA-containing vesicles near the plasma membrane labeled with antibodies against clathrin and early endosome antigen 1 (EEA1), whereas mCherryCvpA vesicles near the pericentrosomal region labeled with antibodies against LAMP1 (Fig. 3A) . In contrast, antibodies against the ER proteins p61 and ERGIC53 (SI Appendix, (Fig. 3A) . Collectively, these data suggest that CvpA traffics through endolysosomal, but not secretory, compartments that interact with the PV.
To characterize the endososmal compartment in which CvpA traffics, HeLa cells coexpressing mCherry-CvpA and GFP-tagged Rab GTPases were examined by live-cell microscopy. MCherryCvpA partially localized with Rab5-GFP in the periphery and center of the cell (Fig. 3B ). Prominent pericentrosomal localization was observed with Rab11-GFP, and partial colocalization was observed with Rab7 ( Fig. 3B) . Consistent with the lack of colocalization with ER or Golgi proteins, mCherry-CvpA did not colocalize with the secretory system Rab GTPases Rab6A and Rab9 (SI Appendix, Fig. S2B ). Prominent colocalization with Rab5 and Rab11 suggested that mCherry-CvpA traffics to peripheral sorting endosomes (SEs) and pericentrosomal recycling endosomes (REs), where endocytic cargo is sorted and delivered to other vesicular compartments or recycled back to the cell surface (37, 38) .
The pericentrosomal region of a HeLa cell contains pleomorphic vesicles derived from both endosomal (e.g., REs) and secretory compartments (e.g., Golgi). To confirm that CvpA trafficked endosomally, cells expressing mCherry-CvpA were treated with brefeldin A (BFA) that disrupts vesicle coats, leading to tubulation of endosomal compartments and fragmentation of Golgi stacks (39) . BFA dispersed the Golgi, but not pericentrosomal mCherry-CvpA (SI Appendix, Fig. S3A ). Moreover, in peripheral regions of BFA-treated cells, mCherryCvpA localized to tubules that stained with antibodies against transferrin (Tf) receptor (TfR). This result is consistent with mCherry-CvpA trafficking within REs (38, 40) . To ascertain whether CvpA expression alters endocytosis of Tf, we measured uptake of fluorescent Tf (Tf488) in HeLa cells ectopically expressing mCherry-CvpA. Compared with untreated cells or cells expressing mCherry alone, a significant 23% reduction (P < 0.05) in Tf uptake was observed in cells expressing mCherryCvpA (SI Appendix, Fig. S3B ), suggesting that CvpA expression perturbs Tf trafficking mechanisms.
To assess whether the distribution of clathrin is altered in response to secretion of native CvpA, we quantified by confocal immunofluorescence microscopy the density of PV-associated and cytoplasmic clathrin in Vero cells infected with wild-type C. burnetii, the cvpA mutant, or the complemented cvpA mutant. Micrographs showed a higher density of clathrin adjacent to PV formed by wild-type C. burnetii and the complemented cvpA mutant relative to the cvpA mutant (SI Appendix, Fig. S4A ). When the clathrin signal was quantified, the ratio of PV-associated to cytoplasmic clathrin was significantly higher (P < 0.05) in cells infected with wild-type C. burnetii or the complemented cvpA mutant compared with cells infected with the cvpA mutant (SI Appendix, Fig. S4B ). These data are consistent with a positive role for CvpA in co-opting clathrin for PV formation.
AP2 Binds CvpA Endocytic-Sorting Motifs. Adaptor proteins recognize endocytic sorting motifs like those found within CvpA and coordinate sorting and recycling within the endosomal system (31, 38) , raising the possibility that similar mechanisms control CvpA trafficking. To evaluate their importance for CvpA endosomal trafficking, the three dileucine and two tyrosine-sorting motifs ( Fig. 1) were mutated by making LL-to-AA and Y-to-A 
Scoring of mCherry-CvpA localization is indicated with the following markers: (+) strong colocalization, (±) partial colocalization, (−) no colocalization. CCV, clathrin-coated vesicle; EE, early endosome; EEA1, early endosome antigen 1; ER, endoplasmic reticulum; ERGIC, ER-Golgi intermediate compartment; LAMP1, lysosomal-associated membrane protein 1; LE, late endosome; RE, recycling endosome; TfR, transferrin receptor. amino acid substitutions, respectively. A Tyr1/Tyr2 double mutant was also constructed. The cellular localization of ectopically expressed mutant proteins fused to mCherry was then examined by fluorescence microscopy and scored according to three phenotypes: tubulovesicular, punctate, or diffuse (Fig. 4) . In contrast to the 100% tubulovescular localization of wild-type mCherryCvpA, more than 90% of cells expressing mCherry-CvpA with mutated DiLeu2, DiLeu3, Tyr1, or Tyr1/Tyr2 motifs exhibited diffuse localization. The DiLeu1 mutation resulted in a punctate and diffuse appearance in 81% and 19% of the cells, respectively, whereas the Tyr2 mutation resulted in tubulovesicular localization resembling wild-type mCherry-CvpA in 95% of cells and puncta in the remaining 5% of cells. The latter result implies that mutation of Tyr2 produces minor trafficking defects without disrupting membrane association. Collectively, these data suggest that DiLeu1, DiLeu2, DiLeu3, and Tyr1 mediate CvpA membrane association via interactions with AP complexes. Pull-down assays were then performed to evaluate interactions of CvpA sorting motifs with the AP complexes (41) . CvpA 30mer peptides containing DiLeu1 (aa 2-31), Tyr1-2 (aa 52-81), (Fig. 1) endocytic sorting motifs and bearing an N-terminal glutathione S-transferase (GST) tag were incubated overnight with HeLa cell lysates (41) . GST peptides were collected with glutathione agarose beads, and interactions with clathrin heavy chain (CLTC), AP1, AP2, or AP3 were assessed by immunoblotting (Fig. 5A) . AP1, AP2, and AP3 heterotetrameric complexes are composed of the four subunits γ/β/μ/σ-1, α/β/μ/σ-2, and δ/β/μ/σ-3, respectively (29, 30) . AP2 subunits α and β interacted with all four GST-30mer peptides whereas clathrin bound only GST-Tyr1-2 (Fig. 5A) . Given that CvpA lacks known clathrin-binding motifs, and that clathrin binds an LLNLD motif in the β-subunit of AP complexes (42) , an indirect interaction mediated by the β-subunit of AP2 likely links the peptide Tyr1-2 to clathrin. AP1 (γ-subunit) or AP3 (δ-subunit) did not interact with any CvpA peptide. Alanine substitution of dileucine or tyrosine within the sorting motifs abolished binding by AP2 and clathrin (Fig. 5B) . Fulllength GST-CvpA expressed in E. coli was insoluble, precluding purification of native protein. Therefore, AP2 binding to fulllength CvpA was assessed by ectopically expressing CvpA containing an N-terminal biotinylation sequence in HeLa cells, followed by pull-down with streptavidin beads. Endogenous AP2 (β-subunit) and clathrin bound to biotinylated CvpA, but not to control biotinylated mCherry (Fig. 5C) .
To examine the importance of CvpA sorting motifs in the context of secreted native protein, we assessed growth in THP-1 macrophages of C. burnetii ΔcvpA expressing a mutant version of cvpA encoding a protein where diluecine residues were changed to dialanine in DiLeu1, Dileu2, and Dileu3 and tyrosine residues were changed to alanine in Tyr1 and Try2. Growth of C. burnetii ΔcvpA-expressing mutant CvpA was significantly reduced compared with organisms expressing wild-type CvpA (P < 0.05) (SI Appendix, Fig. S5 ). Expression of mutant CvpA did modestly improve growth over the noncomplemented strain, which we attribute to the mutant protein's ability to still interact with beneficial factors, perhaps via its leucine-rich repeat. Collectively, these data, and the intracellular trafficking behavior of mCherry-CvpA, support the conclusion that CvpA dileucine and tyrosine motifs bind AP2-clathrin-coated vesicles. Indeed, of the clathrin adaptor complexes, AP2 is specifically associated with endocytosis of cargo molecules at the plasma membrane and transport to early endosomal compartments (29, 30, 43) . CvpA interactions with AP2 and clathrin suggested that AP2-clathrin-mediated vesicular transport is important for intracellular growth of C. burnetii. To investigate this possibility, AP2 and clathrin activities were inhibited by depleting cellular protein levels with siRNA. To ensure inhibition of AP2 adaptor function, depletion of both β-and μ-subunits was conducted (41) . Cells were infected with C. burnetii at 2 d post siRNA treatment (day 0 post infection), a time point where significant reductions in AP2 subunits and clathrin were detected by immunoblotting (Fig. 6A) . At day 0 post infection, there was no difference in recoverable GE between cells treated with nontargeting siRNA and cells depleted of the targeted proteins, indicating that clathrin-mediated processes are not involved in C. burnetii uptake (SI Appendix, Table S1 ). At 1 and 3 d post infection, C. burnetii replication was the same, based on fold increase in GE, in cells treated with nontargeting or targeting siRNA ( Fig. 6B and SI Appendix, Table S1 ). However, at 5 d post infection, cells depleted of clathrin, or AP2 subunits β and μ, showed 81% and 72% reductions in replication, respectively, relative to cells treated with nontargeting siRNA (Fig. 6B and SI Appendix, Table S1). Reduced C. burnetii replication correlated with a significant decrease in PV size (SI Appendix, Fig. S6 A and B) . Growth Pull-down assays using HeLa cell lysates and GST fusions to 30mer peptides containing the CvpA endocytic sorting motifs DiLeu1 (aa 2-31), DiLeu2 (aa 172-201), DiLeu3 (aa 299-328), or Tyr1/Tyr2 (aa 52-81). GST peptides and interacting proteins were collected with glutathione agarose beads and analyzed by immunoblot with antibodies against clathrin and clathrin adaptor complex subunits present in AP1 (subunit γ), AP2 (subunits α and β), or AP3 (subunit δ). Pull-down with GST-mCherry was used as a negative control. (B) Pull-down assays using GST fusions to 30mer peptides containing endocytic sorting motifs where diluecine residues were substituted with dialanines, and tyrosine residues were substituted with alanine. Immunoblotting was conducted with antibodies against the α-and β-subunits of AP2 or clathrin (Tyr1/Tyr2 pull-down). (C) Pull-down assay using biotinylated full-length CvpA. CvpA containing an N-terminal biotinylation signal and a C-terminal V5 tag was expressed in HeLa cells and then collected from cell lysates using streptavidin beads. Cells expressing biotin-mCherry or nontransfected cells (Mock) were used as negative controls. Immunoblot detection of the V5 tag was used to assess equal expression of biotin-tagged proteins (Left). Pull-down samples were immunoblotted with antibodies recognizing clathrin and the β-subunit of AP2 and clathrin (Right).
inhibition was specific to AP2-dependent transport as depletion of the γ-and μ-subunits of AP1 did not inhibit C. burnetii replication nor reduce PV size (Fig. 6B and SI Appendix, Fig. S6 A and  B) . These data demonstrate that clathrin-dependent transport is critical for C. burnetii growth and PV biogenesis. Collectively, our results suggest that, once secreted via the T4BSS, CvpA binds to AP2-clathrin complexes and subverts associated vesicular transport mechanisms that promote C. burnetii intracellular replication.
Discussion
Expected among the repertoire of identified C. burnetii Dot/Icm T4BSS substrates are effectors that benefit pathogen replication by modulating host vesicular trafficking. Here, we describe CvpA, a T4BSS effector that engages clathrin transport machinery. Making use of methods for targeted gene deletion (15), we generated a C. burnetii ΔcvpA mutant that exhibits severe intracellular growth defects rescuable by gene complementation. CvpA traffics dynamically within recycling compartments of the endosomal system by a mechanism requiring dileucine-and tyrosine-based sorting motifs that specifically interact with the clathrin adaptor complex AP2. Inhibition of AP2 or clathrin with siRNA markedly reduces bacterial replication and PV size, verifying that AP2-clathrin vesicle transport mechanisms targeted by CvpA support intracellular growth of C. burnetii. Engagement of the AP2-clathrin pathway by CvpA is an effector activity that benefits biogenesis of a pathogen-occupied vacuole.
Selection and packaging of cargo molecules for endocytosis into clathrin-coated transport vesicles is a complex process involving adaptor protein recognition of sorting motifs in the cytoplasmic domains of transmembrane proteins (29, 32, 38, 44) . Clathrin adaptor proteins bind endocytic sorting motifs, and with the help of recruited accessory proteins, link cargo proteins to budding CCVs for transport to vesicular compartments of the cell (38, 45, 46) . The heterotetrameric clathrin adaptor complexes AP1, AP2, and AP3 bind both dileucine and tyrosine sorting motifs like those found in CvpA (29), which raises the possibility that CvpA targets clathrin-mediated endocytosis. Mutations within either dileucine-or tyrosine-sorting motifs disrupt tubulovesicular localization of ectopically expressed CvpA, indicating that both types of sorting motifs are important for CvpA membrane association. Moreover, CvpA peptides containing sorting motifs and full-length protein specifically interact with AP2 subunits, suggesting that CvpA membrane interactions result from binding of membrane-bound AP2.
AP1, AP2, and AP3 heterotetramers are composed of two large subunits (γ/β1, α/β2, δ/β3), a medium subunit (μ), and a small subunit (σ) (29, 30) . Each AP complex recognizes a subset of sorting motifs, and the variant amino acids within [DERQ]XXXL [LI] and YXXΦ sequences define the specificity of signal recognition (47) (48) (49) . Disruption of AP complex interactions with sorting motifs can lead to missorting of cargo proteins back to the plasma membrane (50) (51) (52) (53) . The AP2 complex recognizes proteins with more divergent dileucine motifs and binds tyrosine motifs with higher affinity than AP1 and AP3, a property thought to promote retrieval of proteins missorted to the plasma membrane (54, 55) . GST fusions to peptides containing the CvpA dileucine-or tyrosine sorting motifs interacted with α-and β-subunits of AP2. The Tyr1/Tyr2 peptide appeared to bind more α-and β-subunits than the other peptides and also interacted with clathrin. The β-subunit of AP2 contains a LLDLD motif bound by clathrin, thereby linking the complex to clathrin coats (42) . Moreover, the β-subunit of AP2 is sufficient to drive clathrin coat assembly (56) . Thus, the enhanced binding of the β-subunit of AP2 to CvpA tyrosine sorting motifs may explain the pull-down of clathrin.
Knockdown of clathrin or AP2 subunits with siRNA was conducted to better understand their roles in C. burnetii growth (41, 53, 57) . Growth of C. burnetii at 1 and 3 d post infection is similar in cells depleted of AP2 or clathrin relative to cells treated with nontargeting or AP1 siRNAs. However, at 5 d post infection, a time point when C. burnetii is replicating exponentially and pronounced PV expansion is occurring (6, 7), no additional . HeLa cells were transfected with siRNA to deplete γ-and μ-subunits of the AP1 complex (AP1G1 and AP1M1 siRNA), β-and μ-subunits of AP2 (AP2B1 and AP2M1 siRNA), or clathrin (CLTC siRNA) and then infected with C. burnetii 2 d later (day 0 pi). Cell lysates were immunoblotted with antibodies against the AP1 γ-subunit, AP2 β-subunit, or clathrin to assess protein depletion and with antibody against GAPDH to confirm equal protein loading. (B) C. burnetii replication in HeLa cells depleted of AP1 subunits, AP2 subunits, or clathrin by siRNA. C. burnetii GEs at 1, 3, and 5 d pi were compared with GEs at day 0 pi to determine fold increases. Results are expressed as the means of two biological replicates and are representative of two independent experiments. Error bars indicate SE from the means, and an asterisk indicates a statistically significant difference (P < 0.05). (58) reported siRNA ablation of AP2, but not AP1 or AP3, inhibits delivery of LAMPs to lysosomes. Inhibition of C. burnetii growth in response to AP2 and clathrin knockdown was equivalent, indicating that AP2 likely regulates a significant portion of clathrin transport events required for robust pathogen replication and PV enlargement.
Coat complexes, such as clathrin, coat protein I (COPI), and COPII, are recruited to the cytosolic surface of donor vesicles, allowing selective transfer of proteins to acceptor compartments (30, 45) . AP2-clathrin coats regulate budding of vesicles from the plasma membrane into the cell cytoplasm where CCVs uncoat to form primary vesicles that fuse with peripheral early endosomes (EEs) (38) . The majority of lipids and proteins acquired through endocytosis returns to the cell surface, whereas a fraction is delivered to late endosome (LEs) or the TGN. Sorting and recycling of endocytic cargo is predominantly associated with EEs, which can be subdivided into peripheral SEs and pericentrosomal REs (37, 38) . CvpA localized to peripheral vesicles containing EEA1 and Rab5, known regulators of SE fusion and recycling back to the cell surface, respectively (38) . Maturation of SEs is accompanied by decreased fusion with primary endocytic vesicles, and the formation of tubular transport intermediates that translocate toward the center of the cell and fuse with longer-lived Rab11-positive REs, the major sorting compartment of the endosomal system (37, 38) . CvpA localized to pericentrosomal LAMP1-positive tubules and vesicles harboring Rab11 and TfR. Proper trafficking of numerous receptors, such as TfR, β2-adrenergic receptors, and epidermal growth factor receptor, through REs is dependent upon Rab11 activity (40, 59, 60) . CvpA localized to TfR-positive tubular endosomes following BFA treatment (39) , further establishing CvpA's residence within the endosomal recycling compartment. Disruption of Rab11 or AP2 blocks endocytosis of Tf and TfR trafficking (40, 43, 60, 61) , which might explain the reduced uptake of Tf in cells ectopically expressing CvpA. Reduced Tf internalization could also result from CvpA-dependent recruitment of clathrin, thereby making less clathrin available for transferrin endocytosis. The observation that ectopically expressed CvpA localizes to the PV membrane, and that native expression of CvpA by C. burnetii is associated with clathrin recruitment to the PV, further supports the notion that CvpA traffics within endosomal compartments that supply material for C. burnetii vacuole biogenesis.
C. burnetii must sequester substantial amounts of lipid and protein from host endomembrane compartments to form its large phagolysosome-like vacuole. This process likely involves subversion of vesicular trafficking pathways by multiple C. burnetii T4BSS effectors. Our current findings support a model wherein C. burnetii CvpA co-opts clathrin transport mechanisms to acquire endolysosomal membrane components for PV biogenesis and intracellular growth. Precedence for pathogen subversion of adaptor function has been established for the HIV-1 proteins, Nef and Gag. Nef endocytic sorting motifs are recognized by AP2 and induce internalization of major histocompatibility complex receptors and avoidance of host defenses (50, (62) (63) (64) . Gag-AP3 interactions recruit the ESCRT protein TSG101 to promote viral particle assembly (41, 65) . In addition to endocytic sorting motifs, other CvpA domains, such as the LRR domain, likely confer additional activities that benefit C. burnetii replication.
Materials and Methods
Cell Culture. C. burnetii Nine Mile phase II (clone 4, RSA439) was cultured axenically in ACCM-2 as previously described (12, 16) . E. coli TOP10 and BL21-AI (Invitrogen) were grown in Luria-Bertani medium for recombinant DNA procedures and protein purification. THP-1 [TIB-202; American Type Culture Collection (ATCC)] human monocytic cells, Vero (CCL-81; ATCC) African green monkey kidney cells, and HeLa (CCL-2; ATCC) human cervical epithelial cells were cultured according to ATCC guidelines.
C. burnetii Plasmids and Cloning. The C. burnetii ΔcvpA mutant and complement strains were generated by previously described methods (15, 16) . Briefly, targeted deletion of ΔcvpA and insertion of a Kan cassette was accomplished via homologous recombination with a pJC-CAT suicide plasmid. Clonality of C. burnetii ΔcvpA was confirmed by PCR, and the strain was complemented with cvpA under control of its native promoter using pMiniTn7T-CAT. A modified cvpA gene was synthesized (Genscript) for expression of CvpA-containing dileucine to dialanine substitutions in the three dileucine motifs and tyrosine-to-alanine substitutions in the two Tyr motifs and inserted into pMiniTn7T-CAT for generation of the C. burnetii ΔcvpA strain expressing mutant CvpA. For adenylate cyclase assays, cvpA was amplified using gene-specific primers and cloned into the SalI site of linearized pJB-CAT-CyaA using In-Fusion (Promega) (23) . Primer sequences and plasmids for generation of protein expression constructs are detailed in SI Appendix, Tables S2 and S3 . In general, PCR products were cloned into the pENTR/D (Invitrogen) entry vector and moved to Gateway compatible destination vectors. MCherry-CvpA was expressed in HeLa cells from an anhydrotetracycline (aTc)-inducible promoter using pT-REx-DEST30 (Invitrogen) modified for expression of mCherry N-terminal fusion proteins. The Rab GTPase expression plasmids pEGFP-Rab5, Rab6A, Rab7, Rab9, and Rab11 were a generous gift from M. A. Scidmore, Cornell University (Ithaca, NY). GST-tagged peptides were expressed in E. coli using pDEST15 (Invitrogen). Genes conferring resistance to chloramphenicol, kanamycin, or ampicillin are approved for C. burnetii transformation studies by the Rocky Mountain Laboratories Institutional Biosafety Committee and the Centers for Disease Control and Prevention, Division of Select Agents and Toxins Program (Atlanta).
Bioinformatics. C. burnetii genes with consensus PmrA regulatory elements have been previously described (36) . Endocytic sorting motifs within CvpA were identified using ELM, the database of eukaryotic linear motifs (31) , and the LRR was identified using the Pfam database of the protein families tool (66) and the protein Basic Local Alignment Search Tool.
CyaA Translocation Assay. THP-1 cells (1 × 10 5 per well) in 24-well plates were differentiated into macrophage-like cells by incubation overnight in RPMI (Invitrogen) medium containing 10% (vol/vol) FBS and 200 nM phorbol myristate acetate (PMA) (Sigma-Aldrich). Cells were washed once with RPMI plus 10% FBS, infected with 1 × 10 6 C. burnetii harboring pJB-CAT-CyaACvpA or vector alone, and incubated in RPMI plus 10% FBS for 48 h. The concentration of cAMP in lysates from infected cells was determined using the cAMP enzyme immunoassay (GE Healthcare) as previously described (16).
C. burnetii Growth Assays. PMA-differentiated THP-1 cells (1 × 10 5 per well) in a 24-well plate were infected with C. burnetii at a multiplicity of infection (MOI) of 0.5 by centrifugation of plates at 500 × g for 20 min. Cells were washed once with RPMI plus 10% (vol/vol) FBS and replenished with the same medium. This time point was considered 0 h post infection. At the indicated time points, cells were harvested by trypsinization and pelleted by centrifugation at 15,000 × g for 5 min. Cell pellets were resuspended in H 2 O, bead-beaten, and boiled, and C. burnetii genomic equivalents were determined by quantitative PCR as described previously (16) .
Ectopic Expression and Fluorescence Microscopy. HeLa cells (2 × 10 4 per well) in a 24-well plate were cultured in DMEM (Invitrogen) containing 10% FBS for 6 h. Using FuGENE 6 (Promega), cells were then transfected with 500 μg of pT-REx-DEST30/N-mCherry-CvpA fusion protein constructs and 250 μg of the plasmid pcDNA 6/TR (Invitrogen) for constitutive expression of the tetrepressor protein. For coexpression of mCherry-CvpA and GFP-tagged Rab GTPases, HeLa cells were cotransfected with 500 μg of pT-REx-DEST30/NmCherry-CvpA, 250 μg pcDNA 6/TR, and 250 μg of the respective EGFP-Rab plasmids. The following day, cells were replenished with fresh growth medium containing 1 μg/mL aTc (Sigma) and incubated 24 h to induce protein expression. Confocal live-cell imaging was conducted using a modified Perkin-Elmer UltraView spinning-disk confocal system connected to a Nikon Eclipse Ti-E inverted microscope. For immunofluorescence, cells were fixed with 2.5%(vol/vol) paraformaldehyde and permeablilzed with PBS containing 0.05% saponin and 5% (vol/vol) FBS. Following staining with primary and secondary antibodies, coverslips were mounted using Prolong Gold with DAPI (Invitrogen) and imaged with a Nikon Eclipse TE-2000 inverted microscope equipped with a Cool Snap digital camera. Uptake of transferrin Alexa Fluor 488 (Tf488) (Invitrogen) in cells expressing mCherry-CvpA was measured as previously described (67) . Twenty-five cells were measured per condition for each experiment (n = 2) with identical threshold settings. ImageJ software (W. S. Rasband, National Institutes of Health, Bethesda) was used to quantify Tf488 intensity per cell area (67) . The density of PV-associated and cytoplasmic clathrin in Vero cells infected with C. burnetii strains was measured using confocal immunofluorescence microscopy. Vero cells were infected for 5 d, then fixed, and stained for LAMP-1 and clathrin as described above. Confocal images (0.39-μm sections) were collected using a LSM710 confocal laser-scanning microscope (Carl Zeiss Micro Imaging). The intensity of the clathrin signal at 0-20 pixels (2.6 μm) directly adjacent to the PV membrane was compared with the signal in the cytoplasmic region 20-40 pixels away from the PV membrane. PV-adjacent and cytoplasmic regions were demarked by 20-pixel-diameter circles (3×), and ImageJ was used to measure the clathrin signal intensities within each circle. Ten cells infected with individual C. burnetii strains were measured per experiment (n = 3). The PV-associated signal was divided by the cytoplasmic signal to yield the plotted clathrin intensity values.
Pull-Down Assays. The CvpA endocytic sorting motifs DiLeu1, Tyr1-2, DiLeu2, and DiLeu3 contained in 30mer peptides were fused to GST to assess motif interactions with AP complexes using established pull-down assay methods (41, 68) (SI Appendix). Peptides with N-terminal GST tags were purified from E. coli BL21-AI by affinity chromatography with glutathione agarose beads (Pierce), dialyzed against pull-down buffer [25 mM Hepes-KOH (pH 7.2), 125 mM potassium acetate, 2.5 mM magnesium acetate, 0.4% Triton X-100, and protein inhibitor mixture (P8340, Sigma)], and concentrated using an Amicon Ultra Ultracel-10 centrifugal filter unit (Millipore). In a total volume of 1 mL of pull-down buffer, 1 mg of GST-peptide was mixed with 1 mg of HeLa cell lysate and incubated overnight at 4°C in a 1.5-mL siliconized microcentrifuge tube. Aliquots from pull-down mixtures were collected for total protein samples. Fifty microliters of packed glutathione agarose beads were added to pull-down mixtures that were incubated for 2 h at 4°C and then collected by centrifugation at 750 × g for 1 min. Beads were washed extensively with wash buffer (pull-down buffer containing 0.1% Triton X-100). Bead pellets were resuspended in 50 μL SDS/PAGE sample buffer and boiled to release bound proteins. For immunoblotting, 10 μL of sample aliquots was separated by SDS/PAGE, transferred to polyvinylidene difluoride membranes (Millipore), and probed with the indicated antibodies. SDS/PAGE gels were also stained with Coomassie Brilliant Blue (BioRad) to confirm equal loading.
For pull-downs with full-length CvpA, pcDNA 6.2/N-mCherry DEST (22) was modified for expression of proteins with a N-terminal biotin tag and C-terminal V5 tag (SI Appendix). HeLa cells (3 × 10 5 per well) in a six-well plate were transfected as described above. Cells were incubated for 48 h in DMEM plus 10% (vol/vol) FBS and 200 μM biotin and then lysed in 1 mL of lysis buffer [50 mM Tris·HCl (pH7.5), 100 mM NaCl, 2 mM MgCl, 1% Triton ×100, 10% (vol/vol) glycerol, and protease inhibitor mixture]. Insoluble material was pelleted (15,000 × g at 4°C for 30 min), and biotin-CvpA complexes were collected with streptavidin Dynabeads (Invitrogen) according to supplier instructions. Samples were immunoblotted as above.
siRNA Knockdown. ON-TARGETplus SMARTpool siRNA duplexes against AP1 subunits γ and μ (AP1G1, AP1M1), AP2 subunits β and μ (AP2B1 AP2M1), and CLTC, as well as nontargeting siRNA, were obtained from Dharmacon. Statistical Analysis. Statistical analyses were conducted using Prism software (GraphPad Software, Inc.) to perform unpaired Student t test or one-way ANOVA using Tukey's post test. P values less than 0.05 were considered significant.
